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Abstract 

We present a complete model whose low energy effective theory is the R-parity violating 
NMSSM with a baryon number violating udd vertex of the MFV SUSY form, leading 
to prompt LSP decay and evading the ever stronger LHC bounds on low-scale R-parity 
conserving supersymmetry. MFV flavor structure is enforced by gauging an SU(3) 
flavor symmetry at high energies. After the flavor group is spontaneously broken, mass 
mixing between the standard model fields and heavy vector-like quarks and leptons 
induces hierarchical Yukawa couplings which depend on the mixing angles. The same 
mechanism generates the udd coupling, explaining its shared structure. A discrete 
R-symmetry is imposed which forbids all other dangerous lepton and baryon-number 
violating operators (including Planck-suppressed operators) and simultaneously solves 
the problem. While flavor constraints require the flavor gauge bosons to be outside 
of the reach of the LHC, the vector-like top partners could lie below 1 TeV. 



1 Introduction 



Supersymmetry (SUSY) broken at the TeV scale has long been considered the leading can- 
didate for a solution to the hierarchy problem of the Standard Model (SM). However, the 
first two years of LHC data do not contain any hints of the traditional signals of SUSY [l] , 
pushing the superpartner mass scale to uncomfortably high values in the simplest imple- 
mentations of the theory, too high to solve the hierarchy problem without introducing other 
tunings. The recent discovery |2) of the Higgs boson at around 126 GeV puts additional 
pressure on minimal SUSY: it is quite difficult to achieve such a heavy Higgs mass within 
the simplest models without tuning jsj. If low-scale SUSY is nonetheless realized in nature, 
it is likely that one or more additional ingredients beyond the minimal version are present. 

There are several known ways to avoid the direct superpartner searches, including raising 
the mass of the first two generation squarks and the gluino fills] ("natural SUSY"), a com- 
pressed or stealthy spectrum [6], an R-symmetric theory with Dirac gaugino masses (Tj, and 
R-parity violation (sIIqI. Similarly, the Higgs mass can be raised by extending the theory to 



the NMSSM, possibly by making the Higgs and the singlet composite 10 , or by strengthen- 
ing the Higgs quartic interaction by introducing additional gauge interactions 11 . In this 
paper we focus on the scenario where the lightest superpartner (LSP) decays promptly via 
an R-parity violating (RPV) vertex, evading the bounds from direct superpartner searches. 
We then introduce an NMSSM singlet to raise the Higgs mass to the required 126 GeV value. 



It has long been known that RPV 12 can significantly change the collider phenomenology 
of SUSY models without leading to excessive baryon (B) and lepton (L) number violation 
(for a review see [13]). This is most easily accomplished in models where either B or L 
is conserved to a very good approximation, since the most stringent constraints on these 
couplings arise from the nonobservation of proton decay, which generally requires both B and 
L to be violated. The remaining couplings are subject to the relatively weaker constraints 
on processes which only violate B or L individually, and can be large enough to have a 
substantial impact on collider signatures. A particularly interesting possibility is when the 
LSP is a third generation (stop or sbottom) squark, decaying via the RPV operator udd 
as t — )■ 6s or 6 — 7- is, which is very difficult to disentangle from the vast amount of QCD 
background at the LHC |8]|l4|Q 



One of the principle objections to RPV models is aesthetic in nature: one needs to 
introduce a large number of additional small parameters, which, while technically natural, is 
usually not very appealing. One possible simplifying assumption is to employ the hypothesis 
of minimal flavor violation (MFV) |15|. In MFV models the only sources of flavor violation 
are the SM Yukawa couplings. If one applies this hypothesis [8||l6] to the SUSY SM one 
obtains a robust prediction ^ for the baryon-number violating RPV couplings: they will 
be related to the ordinary Yukawa couplings. Thus the BNV couplings for third generation 
quarks will be the largest, while those involving only light generations will be very strongly 
suppressed. The resulting simple model evades most direct LHC bounds while preserving 



^However, the gluino must be relatively heavy even in models with RPV, as decays to same sign tops will 



put a lower bound of order 700 GeV on the gluino mass, see for example 17 
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naturalness of the Higgs mass, whereas the 126 GeV Higgs mass can be achieved by extending 
the model to the NMSSM. 

However, MFV is only a spurion counting prescription, rather than a full-blown effective 
theory. It does not fix the overall coefficients of the RPV terms, and does not even fix the rel- 
ative coefficients of the baryon number violating (BNV) and lepton number violating (LNV) 
operators. Moreover, it is not obvious a priori that a complete theory can be formulated that 
produces MFV SUSY as its low-energy effective theory and ensures that LNV operators are 
sufficiently suppressed to avoid proton decay. The aim of this paper is to present a complete 
model that produces Yukawa-suppressed RPV terms in the low-energy effective theory. Since 
we want to explain the MFV structure of the entire effective Lagrangian, we will have to 
incorporate a full-fledged theory of flavor into the model. We assume that the flavor hierar- 
chy arises due to (small) mixing with heavy vectorlike quarks and leptons. Upon integrating 
out these heavy fields, we obtain the SM flavor hierarchy as well as the Yukawa suppressed 
RPV terms. To ensure that only the operators compatible with MFV are generated, we will 
gauge an SU(3) subgroup of the SU(3)^ spurious flavor symmetry of the standard model and 
impose a discrete symmetry to forbid other dangerous baryon and lepton number violating 
operators. 

The paper is organized as follows: in section [2] we first review how to obtain flavor 
hierarchies from mixing with heavy flavors. We then describe an anomaly-free gauged SU(3) 
flavor symmetry which incorporates the heavy flavors, together with the flavor Higgs sector 
needed to spontaneously break this symmetry and introduce the required mass mixings to 
generate the SM Yukawa couplings. In section[3]we analyze all gauge-invariant operators that 
can lead to excessive baryon and lepton number violation, deriving experimental constraints 
on their couplings to determine which operators must be forbidden by a discrete symmetry. 
In section |4] we present an anomaly-free discrete symmetry which forbids all problematic 
operators and describe the allowed flavor Higgs potential, completing the model. In section |5] 
we consider the structure of the induced soft SUSY breaking terms and comment on the 
possibility that the third generation of heavy vector-like quarks could be within the range 
of the LHC. We conclude in section |6} presenting the details of our choice of a suitable 
anomaly-free discrete symmetry in an appendix. 

2 The building blocks of the U V completed MFV SUSY 

The MFV SUSY scenario, outlined in [s], is an R-parity violating variant of the MSSM, with 
the superpotential 

W = fiHuHd + qYuuHu + qYddHd + iYeeHd + ^w''iYuu){Yj){Yj) (2.1) 

and soft-terms with a minimal flavor-violationg (MFV) structure. The Yukawa couplings, 
Yu, Yd, and Ye, are holomorphic spurious charged under the SU(3)g x SU(3)u x SU(3)j x 
SU(3)£ X SU(3)e flavor symmetry. Unlike ordinary R-parity conserving MFV, MFV SUSY 
imposes relations between different superpotential couplings, and there is no RG mechanism 
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for generating these relations, since the superpotential is not renormahzed. Thus, to explain 
the form of the superpotential beyond the level of a spurion analysis, it is necessary to embed 
MFV SUSY within a high-scale model which naturally generates this flavor structure. 

Another reason that MFV SUSY requires a UV completion is that, while the superpo- 



tential (2.1) is technically natural, it is not safe from Planck-suppressed corrections. For 



instance, the operator -^^q^^ may be generated by gravitational effects, whereas without an 



MFV structure this operator leads to rapid proton decay, as we show in section |3.2[ Since 
global and/or spurious symmetries are generically broken by gravitational effects, to forbid 
this kind of operator we will ultimately require some additional gauge symmetry. 

2.1 Yukawa hierarchies from mixing with heavy matter 

One possibility would be to try to promote the entire (semi-simple) SM flavor symmetry 
SU(3)g X SU(3)ti X SU(3)j x SU(3)£ x SU(3)e to a gauge symmetry, with the Yukawa cou- 
plings arising as vevs of superfields. However, in this case, the superpotential becomes 
nonrenormalizable, and in particular, the term 

W = ^q^uuH^ (2.2) 

requires to get a vev of the same order as the cutoff, due to the 0{1) top Yukawa coupling. 
The resulting effective field theory will necessarily have a low cutoff and will need its own 
UV completion. This suggests that we must introduce additional massive matter fields, 
which generate the Yukawa couplings upon being integrated out. If the BNV couplings are 
generated along with the ordinary Yukawa couplings upon integrating out the heavy fields 
then this explains their related structure. 

As an example consider a quark sector consisting of the usual light quarks g, -u, J together 
with three pairs of vector-like right-handed up and down quarks f/, U and D, where U 
and D share the same SM quantum numbers as u and d respectively. We assume the 
superpotential 

W = KqUHu + XdqDHd + ]^Kn^UDD + UMjJ + DMdD + U ^i^u + D^idd, (2.3) 

where \u,d and Xbnv are flavor-universal parameters while J^u,d and iiu,d are in general 3x3 
mass matrices. For Ai ^ fi, the low-energy effective theory will contain small effective 
Yukawa couplings for the chiral fields and an effective udd BNV operator due to the mixing 
between u and U and between d and D. At tree-level, one can integrate out the heavy fields 
using the U and D F-term conditions: 

U = -Mz'f^uu, D = -Ma'i^dd, (2.4) 

leading to the MFV SUSY superpotential (2.1) with w" = Xbnv/ {XuX"^) and the Yukawa 



couplings 

n = A,T, (1 + Tt T,) , = -M-'fi, , (2.5) 
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Figure 1: A schematic illustration of the relative scales of the eigenvalues of Ai vs. /i for 
down-type (left) and up-type (right) quarks for X^^^ ~ tan/3 ~ 1. When ft > JH the Yukawa 
coupling will be unsuppressed, while all other Yukawas are suppressed by a factor of n/ Jvl. 

for X = u, d0 This expression is readily understood by diagonalizing T^^. Each eigenvalu^ 
(Tj of Tx corresponds to the tangent of the corresponding mixing angle between the SM field 
u OT d and the vectorlike partner U or D. Since If and D couple directly to the Higgs with 
universal coupling A^^^, a small eigenvalue cTj <^ 1 of T^. corresponds to a small Yukawa 
coupling Xx<Ji, whereas a large eigenvalue cxj ^ 1 of T^. corresponds to a maximal Yukawa 
coupling A^;, with a smooth transition between the two behaviors around cTj ~ 0(1). 

We see that hierarchical Yukawa couplings can arise if the mass matrices A4 and/or 
have hierarchical eigenvalues, whereas w" is order one so long as the flavor universal couplings 
Xu^d and Xbnv are also order one. While other choices are possible, for the remainder of this 
paper we will assume for simplicity that fiu,d are flavor-universal parameters, so that all 
the flavor structure is generated by M.u,d- This choice is motivated by the possibility of 
observable collider signatures, as it allows the vector-like third-generation partners to be 
relatively light, since the mass matrix for the vector-like generations takes the form: 

= MxMl + /i./it = If^xXxl' [YxY^] ~' , (2.6) 

where the second equality follows in the case that fix is flavor-universal. 

If Xu,d ^ 1, then A4 ^ fj, will generate only small Yukawa couplings. In order to 
accommodate the 0{1) top Yukawa coupling, one eigenvalue of A^„, which we denote Aiu\ 
should be smaller than In this case one integrates out the fields U^^'^ and u^^^ at the scale 
/i, and f/*-^-* will remain in the spectrum with a Yukawa coupling of order A„, as discussed 



above. The mass scales in (2.3) implied by the observed Yukawa couplings are schematically 



illustrated in Fig. [T] for the case Xu^ ~ tan /3 



^The factor in parentheses arises upon canonically normalizing the Kahler potential after integrating out 
the heavy fields. 

^More precisely singular value. 
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A similar construction for the lepton sector (with SM fields denoted by £, e) has several 
possible variants, yielding somewhat different expressions for the neutrino masses. One 
possibility involves a set of three heavy vectorlike RH charged leptons E, E and three RH 
neutrinos N with the superpotential 

W = XeiEHd + XJNH^ + EMeE + ^NMnN + Efi^e , (2.7) 
which after integrating out the heavy fields yields just the SM Yukawa terms 

Wes = iY.eHd - ^Xl{£H^)M-\£Hu) , (2.8) 



with Ye given by (2.5). 

Another possibility is to instead introduce three heavy lepton doublets L, L along with 
three RH neutrinos n and the superpotential 

W = XeLeHd + XnLfiHu + LMiL + ^nMnU + ifieL , (2.9) 
which gives rise to the effective superpotential: 

Wes = iY.eHa - l^iiH^)YeM-X^iiHu) . (2.10) 
2 Xj 

after integrating out the heavy fields, where now 

V; = Ae(l + T,Tj)"'^'T,, T, = -fi,Mi'. (2-11) 

A third possibility, resulting in Dirac neutrino masses, is to introduce light RH neutrinos 
n together with vectorlike pairs or RH charged leptons E, E and neutrinos N, N. We then 
impose lepton number conservation, or (more minimally) a Z3 symmetry taking {i, E, N} — )■ 
U3{i, E, N} and {e, E,n, N} — )• u^^{e, E,n, N} where Uk = e^'^'^l^ . The resulting model is 
closely analogous to the quark sector described above with the Z3 symmetry analogous to 
the Z3 center of SU(3)c (but without an analogue for UDD). Due to this analogy, we omit 
further details. 



2.2 Gauged flavor symmetries 



There are two important features of the quark superpotential (2.3) which remain to be 
explained. Firstly, we must explain why the couplings Xu^d and X^nv are flavor universal, 
as this is needed to obtain the MFV SUSY superpotential after integrating out the heavy 
fields. Moreover, we must also explain the absence of other fiavor universal couplings, such 
as udd and He, which lead to unsuppressed baryon and/or lepton number violation. Phrased 
differently, we have both a "flavor problem" (explaining the flavor structure of certain cou- 
plings) and a problem of accidental symmetries (explaining the absence of certain couplings). 



5 



These problems are related to but not synonymous with the usual problems of flavor and 
baryon/lepton number violation in the MSSM. 

In this subsection, we focus on the first of these two problems, returning to the second 
issue later on. A crucial observation is that all the marginal couplings are fiavor universal. 
This suggests the presence of a spontaneously broken fiavor symmetry, where the nontrivial 
fiavor structure of the mass terms descends from a marginal coupling to a fiavor-Higgs 
superfield. Non-universal contributions to marginal couplings can still descend from non- 
renormalizable couplings to the fiavor-Higgs field, but these are suppressed by vp/A, where 
vp is the scale of fiavor symmetry breaking and A is the cutoff of the flavor-symmetric theory. 

To avoid dangerous Goldstone modes ("familons") from the breaking of the flavor sym- 
metry G — and also to protect G from gravitational effects — we choose to gauge it. We 
must therefore cancel the additional gauge anomalies G^U(l)y and G^. While the former 
anomaly can be canceled by introducing additional "exotic" hypercharged matter, such flelds 
are hard to remove from the low-energy spectrum and also hard to eventually embed into 
a GUT-like theory. We therefore wish to avoid introducing such exotic matter. It is sur- 
prisingly easy to achieve this if only a diagonal subgroup is gauged. A further beneflt of 
introducing the minimum amount of additional gauge symmetries is the ability to write 
down a relatively simple yet suitable rich Higgs potential for the flavor sector, as we explore 
in sections 



2.3 and|4j The simplest possibility is to gauge a diagonal SU(3)q for quark flavor 
and a diagonal SU(3)l for lepton flavor. Once this is achieved, it is easy to take a single 
diagonal anomaly-free SU(3)f subgroup of the two to further simplify the model. 

Examining the marginal couplings in (2.3), we conclude that q, U, and D transform 



under a common SU(3)q symmetry in the □, □ and □ representations, respectively. If we also 
require the couplings ^u,d to be flavor universal, then we conclude that u, d and U, D occupy 
conjugate representations, whereas U, D and f7, D must occupy the same representation, 
otherwise A4.u,d would also be flavor universal. Applying the same considerations in the 
lepton sector leads to the charge table 





SU(3)c 


SU(2)^ 


U(l)y 


SU(3)q 


SU(3)i 


(1 


□ 


□ 


1/6 


□ 


1 


u 


□ 


1 


-2/3 


□ 


1 


d 


□ 


1 


1/3 


□ 


1 


I 


1 


□ 


-1/2 


1 


□ 


e 


1 


1 


1 


1 


□ 


U 


□ 


1 


-2/3 


□ 


1 


U 


□ 


1 


2/3 


□ 


1 


D 


□ 


1 


1/3 


□ 


1 


D 


□ 


1 


-1/3 


□ 


1 


E 


1 


1 


1 


1 


□ 


E 


1 


1 


-1 


1 


□ 


N 


1 


1 





1 


□ 



Remarkably, all anomalies vanish, so there is no need to introduce exotic matter. 
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A variant of the lepton sector (also anomaly-free) with vector-like left-handed lepton 
doublets can be obtained by replacing the last three rows of the above table with 





SU(3)c 


SU(2)i 


U(l)y 


SU(3)q 


SU(3)l 


L 


1 


□ 


1/2 


1 


□ 


L 


1 


□ 


-1/2 


1 


□ 


n 


1 


1 





1 


□ 



A second variant of the lepton sector can be used if one wishes to obtain Dirac neutrino 
masses. In this case the lepton sector would contain the fields 





SU(2)i 


U(l)y 


SU(3)i 




i 


□ 


-1/2 


□ 




e 


1 


1 


□ 




n 


1 





□ 




E 


1 


1 


□ 




E 


1 


-1 


□ 




N 


1 





□ 




N 


1 





□ 


W3 



Here Z3 is a subgroup of lepton number which can be gauged to forbid Majorana neutrino 
masses as well as the most dangerous lepton number violating operators. Note that all 
anomalies (including the discrete anomalies SU(2)^Z3, SU(3)|Z3 and (grav)^Z3) cancel. 

Having chosen one of these simple anomaly-free spectra, there are two different straight- 
forward embeddings of 811(3)^7' C SU(3)q x SU(3)l: in one case all SM fields are SU(3)i? 
fundamentals (the "standard embedding"), and in the other case the SM leptons are funda- 
mentals while the quarks are anti-fundamentals (the "flipped embedding"). The standard 
embedding, which we focus on, could potentially arise in a GUT-like theory, since all SM 
matter fields have the same flavor quantum numbers. However, we will not pursue complete 
GUT-like models in this paper, leaving this for future works fls]. 

2.3 The flavor Higgs sector and FCNCs 

Given the matter content outlined above we still need to specify a flavor Higgs sector that 
is capable of completely breaking the flavor symmetry and producing the superpotential 
). To produce the large masses for the U,U and D,D heavy quarks we require 
flavor Higgs fields ^u,d in the 6 (symmetric) representation of the SU(3)q flavor symmetry. 
Since the anomalies of the matter fields all cancel, we assume that the flavor Higgs sector is 
vector-like, implying the existence of fields ^u,d in the 6 representation of SU(3)q as well. We 
likewise require Higgs fields in the 6 and 6 representations of SU(3)l to give masses to the 
heavy vector-like leptons and to generate a Majorana mass for the right-handed neutrinos. 
We label these fields as $e/,n or $e,^,n depending on whether they occupy a 6 or 6 of SU(3)i;, 
and on which SM fields they give a mass to. Finally, it is convenient (though not strictly 
necessary) to replace the parameters fiu,d,e,i with singlet Higgs fields 4>u,d,e,i- These fields 



7 



will become charged fields when we later introduce discrete symmetries, and thus will also 
require vectorlike partners 4>u,d,e,i- 

The flavor Higgs sector is then given by 





SU(3)q SU(3)i 


4'u,d,e 


h- ' - M 



(2.12) 



for the case with vector-like RH leptons E, E. where wc only show those Higgs fields required 
to give masses to the matter fields (and not their vector-like partners). The superpotential 
is now: 

W = XuqUHu + XdqDHa + XJNH^ + K^EHa + hUDD + XhSH^Ha + X^S"" 

+^uUU + ^dDD + ^eEE + $„7V2 + (/)^Uu + (f)dDd + (l)eEe (2.13) 

where we introduce one or more NMSSM singlet fields S. The case with vector-hke lepton 
doublets L, L is quite similar, except that i»„ generates the neutrino Majorana mass rather 
than due to the difference in SU(3)l representations: 

W = XuqUH^ + XaqDHa + X^LnH^ + X.LeHd + X^UDD + XhSH^H^ + A,^^ 

+^uUU + ^dDD + ^^LL + $„n2 + + ^^DJ + 0^L£ (2.14) 

We assume the presence of a Higgs potential which fixes all the moduli supersymmetri- 
cally and generates the required hierarchical Yukawa couplings. It is beyond the scope of 
this work to construct an exphcit potential which does all of these things, but we can still 
impose minimum consistency requirements. To avoid pseudo-Goldstone bosons, we require a 
Higgs superpotential whose continuous symmetry group is precisely the (complexified) flavor 
gauge symmetry and no larger, and whose F-term conditions do not trivially set the vevs to 
zero. For instance, in the case of a single 6 © 6 pair $, $, the following potential meets all 
of these minimum requirements: 

= M$l> + + Al>^ (2.15) 

Although one can show that this potential generates no hierarchies, it should be possible 
to generate hierarchies from the analogous but richer potential arising from multiple 6 © 6 
pairs. However, we will not attempt to do so explicitly in this work. 

The absence of flavor- changing neutral currents (FCNCs) beyond those predicted by the 
SM sets a lower bound on the scale at which the SU(3)f is Higgsed. In particular, the 
massive flavor gauge bosons generate the effective Kahler potential 

i^eff gl[MX^{q^T'^q){d^T'd) + . . . (2.16) 

where denotes an SU(3)f generator, gp the flavor gauge coupling, and M^^ the squared 
mass matrix for the flavor gauge bosons. Since we have only gauged a diagonal subgroup of 
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the SU(3)^ MFV flavor symmetry, this operator contributes directly to K-K mixing even if 
M^^ is SU(3)i? invariant. Thus, we can only suppress FCNCs by raising the flavor Higgsing 
scale M/gp ~ ($)• 

Specifically, generic constraints on CP violating K-K mixing require the new physics 
scale to exceed approximately 5 x 10^ TeV whereas generic constraints on CP conserving K- 



K mixing require the new physics scale to exceed approximately 3 x 10^ TeV 19 . To avoid 
these constraints we conservatively require the flavor gauge bosons which interact with the 
down quark to be Higgsed at a scale 10^ TeV or higher, preventing excessive contributions 
to either K-K or B B mixing. This can be accomplished by taking the greatest eigenvalue 
of — necessarily flavor-aligned with the down quark — to be at least 10^ TeV. While 

Bg-Bs and (due to CKM mixing) D-D mixings can be mediated by other flavor gauge 
bosons, the constraints on these processes are much weaker, requiring a new physics scale 
of at least 6 x 10^ TeV for Bg-Bg mixing and at least 6 x 10^ TeV for D D mixing. The 
relatively small hierarchy between the down and strange quark masses ensures that the next 
largest eigenvalue of ($^") be not less than 10^ TeV, easily satisfying these constraints. 

Alternately, we can accommodate a much smaller vev if 811(3)^ is completely broken 
at 10^ TeV or higher by anarchic neutrino masses ($„) or by another flavor-Higgs field. 
However, if is the dominant source of SU(3)ir breaking its largest eigenvalue must be 
substantially higher than this, due to the CKM misalignment between the up and down 
quarks. Because of this misalignment, certain dangerous flavor gauge bosons contributing to 
K-K mixing will only receive a mass at the scale of the second largest eigenvalue of 
Due to the large hierarchy between the charm quark and the up quark, this implies that the 
largest {^u) eigenvalue be at least 10^ TeV in this situation. 

Due to this and to the large hierarchy between the up and top quarks, an LHC accessible 
up-type M^, t/3 vector-like pair is somewhat better motivated than the down-type equivalent 
in this scenario, though either can be achieved in certain limits. 

In principle the massive flavor-Higgs flelds $, $ and 0, (f) can also contribute to FCNCs as 
well as the flavor gauge bosons. However, since their interactions invariably involve vectorlike 
partners (such as U and D) with negligible overlap with the light quarks, such contributions 
are at least loop suppressed, if not more. Furthermore, the masses of the uneaten Higgs 
flelds are a priori unrelated to the Higgsing scale, and can in principle be made as heavy as 
necessary by choosing an appropriate Higgs potential. As such, we omit further discussion 
of this issue. 



3 Dangerous lepton and baryon-number violating op- 
erators 

The flnal missing component of our model is an explanation for the absence of dangerous 
superpotential terms which lead to excessive lepton number violation (LNV) or baryon num- 
ber violation (BNV). For instance, in addition to the desired UDD superpotential operator, 
SU(3)i? flavor gauge invariance also allows the dangerous operators udd and He, which lead 
to unsuppressed BNV and LNV, respectively. Dangerous LNV can also be generated by 
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higher- dimensional Planck-suppressed operators, such as j^^iiE or ^$L£e, and both LNV 
and BNV can be generated upon integrating out the heavy flavors, such as via the operators 
NUU and UDD. 

Our approach is to introduce a discrete gauge symmetry, analogous to R-parity in the 
R-parity conserving MSSM, to forbid all problematic operators. Unlike its analogue, this 
discrete gauge symmetry is necessarily broken by the flavor Higgs fields, so there is no 
remnant in the low energy theory. 

In this section, we aim to catalog the most dangerous operators in the high energy 
theory (both renormalizable and Planck-suppressed) which must be forbidden by this discrete 
symmetry. We do not attempt an exhaustive classification of all possible dangerous operators, 
since this list will depend on the flavor scale, superpartner masses, tan/3, and other details of 
the theory. Rather, we will list those operators which are obviously problematic, and which 
we will insist are forbidden by the discrete symmetry. Later, once we have chosen a discrete 
symmetry, we perform a more exhaustive search for LNV and BNV corrections. 



3.1 BNV operators 



We begin by discussing operators which violate baryon number only. The principle constraint 
on these operators is that they not induce too-rapid dinucleon decayj^ For instance, if the 
low-energy effective BNV operator is udd, then applying the arguments of section 4.2 of |8] 
for a A" coupling with generic flavor structure, we see that if 



for all i,j,k, 



(3.1) 



then dinucleon decay is sufficiently suppressed, where the exact bound depends somewhat 
on the superpartner masses and other details. While the bound actually applies to the A"^^ 
coupling, other couplings will be less strongly constrained, as will higher-dimensional BNV 
effective operators. 

Any Planck-suppressed operator in the high energy theory is necessarily suppressed by at 
least ($)/Mpi ~ 10~^° if we assume a flavor scale of 10^ TeV in compliance with FCNC con- 
straints, as discussed above. Thus, Planck-suppressed operators which violate only baryon 
number are not dangerous, whereas the only possible renormalizable BNV operators are 



BNV 



UDD + udd + UDD . 



(3.2) 



The first of these operators leads to the MFV SUSY superpotential, as we have already 
shown, whereas the second leads to unsuppressed BNV in the low energy theory, and must 
be forbidden by the discrete symmetry. To determine the effect of the third operator, we 



must integrate out the heavy vector-like fields. Doing so in (2.3), we obtain: 



U^—{qH^)\ll 



Y 



-W 



1 _ 



|Au| 



(3.3) 



^As in fs', bounds on n - n oscillation typically provide a subleading constraint. 
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and an analogous expression for D. Thus, UDD generates the effective operatoiQ 

1 



UDD 




+ ... (3.4) 



where the omitted terms conserve baryon number and/or are subleading. Thus, we obtain 
a BNV operator with a pseudo MFV SUSY structure, though not strictly MFVj^ Due to 
this structure and the (f ("Wd/Atd)^ suppression, this operator should not induce excessive 
dinucleon decay. 

Thus, of all possible BNV operators in the high energy theory, we find that only one 
operator need be forbidden: 

W^T' = ndd. (3.5) 

While other non-MFV operators (if present) could still contribute to proton decay in the 
presence of lepton number violation, this is a model-dependent question which we defer until 
we present a complete model in section |4} 

3.2 Low energy constraints on LNV operators 

We now discuss operators which violate lepton number, including both baryon number con- 
serving and violating variants. These operators can be generated in three possible ways. 
They can be either directly generated in the high energy theory, induced by vevs of the fla- 
vor Higgs fields, or generated upon integrating out the vectorlike flavors. In either of the first 
two cases, the resulting effective operators are either renormalizable or Planck suppressed, 
whereas the last mechanism will generate higher-dimensional operators with a lower cutoff. 
For the first two cases, it is expedient to classify all possible dangerous LNV corrections 
to the low energy effective theory that are either renormalizable or Planck suppressed and 
derive experimental bounds on these operators. These bounds can then be used to constrain 
the high-energy theory. We now present such a classification, returning to the question of 
LNV induced by integrating out the vectorlike flavors later. 

Assuming that the right-handed neutrinos are heavy, and therefore absent from the low 
energy effective theory, we find the following potentially dangerous corrections to the MFV 
SUSY effective superpotentialj^ 



(LNV) 



- A A' A" 

= JiiHu + \Ue + X'qid + -q^i + —queHd + —uude (3.6) 



Strictly speaking, introducing UDD will modify (3.3), but these modifications only generate very high 



dimensional corrections and/or affect the numerical prefactors of the low energy effective operators, and can 
therefore be ignored. 

^Due to the presence of non-MFV terms in the superpotential, we must take the more general ansatz 
Yu ^ diag(2/„, j/c, UtjVu and Yd = VcA:Afdiag(yd, Us-, Vb)Vd, where K and Vd are in-principle arbitrary unitary 
matrices which can no longer be rotated away du e to the reduced SU(3)i? C SU(3)g x SU(3)fl x SU(3)j 



invariance; the combination V^V] then appears in (3.4) 



^We omit the NMSSM singlet S and the gauge invariant combination HuHd in favor of their vevs, as this 
simplification will not affect the resulting bounds. 
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Figure 2: (a) The leading contribution to proton decay p — )■ K^u constraining the bihnear 



RPV term /i from |8|. (b) The leading contribution to neutron decay yielding the strongest 
bound on the A' vertex. 



where dimension-six operators are sufficiently suppressed to avoid too-rapid proton decay. 

We now discuss the experimental constraints on these couplings from the nonobservation 
of proton decay. We will assume that udd has the MFV SUSY form (2.1) to leading order 



along with MFV soft terms, whereas we take the lepton-number violating couplings to have 
a generic (non-MFV) flavor structure. 

Bounds on bilinear LNV were discussed in detail in |8|, which in the present context 
givefl 



w"fi < 4 X 10" 



-14 



m 



N 



m 



N 



tan3/3 VlOO GeV/ VlOO GeV 



rrifi 



(3.7) 



from the process shown in Fig. 2(a) , where w" is the MFV SUSY BNV parameter from (2.1 ). 



The leading nucleon decay diagram induced by A' is shown in Fig. 2(b) We estimate the 
width as: 



Stt 



„ , mdlTLs 

w A ^ 



A 



tan^ (3 



which leads to the bound: 



w"\' < 8 X 10 



-19 



1 



tan2/3 VlOO GeV 



(3.9) 



for A ~ 250 GeV using the 5.7 x 10^^ yrs experimental lower bound on the n — )■ ^ 
partial lifetime 120 . Similar considerations apply to the A' coupling upon inserting the Hd 



^The bound given in ^ constrains the corresponding B-tcrm, and consequently has a shghtly different 
tan/3 dependence. 
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vev, giving the bound: 

'""^'«°-°=dr^(l05lev)Xl0l4ev)- ("°) 

The leading contribution to nucleon decay induced by A comes from the loop diagram 
shown in Fig. 3(a) [21 , which gives a neutrino/neutralino mass mixing of order 

in 

(3-11) 

Applying the bilinear LNV constraints from [s], we obtain the bound: 

w"X < 6 X 10^1°-^ ( ,7,^^) ( TT^T?^)' (3.12) 



tan^/? VlOO GeV/ VlOO GeV 

However, the loop diagram vanishes if Xijj = for all (e.g. for Xijk oc eijk) if moreover 
the slepton masses are aligned with the charged lepton masses. In this case, the leading 
contribution to nucleon decay comes from the diagram shown in Fig. 3(b) The width for 
the four-body decay is approximately 

P 27rm^ / ,,\Vtd\mdms ( A Vtan^/? 

(lovr^)'^ I mf \ / "^Tv^l 

While there is no direct bound on this decay mode, we assume a baseline sensitivity of at 
least 10^° yrs (which is similar to the bound on neutron disappearance [22].) We then obtain 
the bound: 

"-"^ ^ '-^ " ^""ii? (lo^) (iwnb)' imhvy • f^-"* 

for this special case. 

The R-parity even couplings A and A" lead directly to proto n dec ay independent of the 
BNV w" coupling. For A the dominant diagram is shown in Fig. 4(a) , with the width 

m, ( AA^ y 

1 p^ii-+p ~ — — ^-r , (3.15) 

Stt \^167r^Amsoft J 

which gives the bound 

For A" there is more flavor suppression (see Fig. 4(b) ), and we obtain the weaker bound: 
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Figure 3: (a) Loop diagrams contributing to u — N mixing using the A vertex. Bounds 



will be obtained by including this mixing inside the diagram in Fig. 2(a) (b) The leading 
contribution to neutron decay using the A vertex if Xijj = for all i,j and the slepton masses 
are aligned with the lepton masses. 




r u 




Figure 4: The leading contributions to proton decay from the higher dimensional R-parity 
even couplings [(a) A and (b) A". 
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3.3 Directly induced lepton number violation 

Based on the above constraints on corrections to the low energy theory, we now search 
for LNV operators in the high energy theory which can violate these constraints. In this 
subsection, we focus on operators which directly induce lepton number violation in the 
low energy theory, deferring consideration of LNV operators containing the heavy fields 
U, D, E, N OT n,L to the next section. 

To select operators which are potentially relevant, we consider the reference point tan /3 = 
10, msoft = 300 GeV and w" ~ 1, with ($), ($) ~ 10^ TeV and (0) < 10^ TeV in accordance 
with the Yukawa hierarchies. We then consider all possible gauge invariant operators which 



can generate the operators in (3.6) upon inserting the flavor Higgs vevs, accounting for 
the flavor structure induced by the mass mixings and retaining all operators which violate 
the experimental constraints for an order one coefficient and a cutoff of 10^^ GeV. Since 
(0)/A ~ 10"^°, dimension six operators are sufficiently suppressed except in the case of 
the iHu coupling, and we can otherwise restrict our attention to dimension four and five 
operators. 

The resulting list of dangerous gauge-invariant operators will depend on whether we 
choose the standard or flipped embedding of SU(3)q x SU(3)l into SU(3)i?. We find that 
the following dangerous operators are common to the two cases: 

TVbad = He + ^MiE + \we + \^qlD + \^qLD + ^^^MH^ . (3.18) 
A A A A A^ 

With the standard embedding we have the additional dangerous operators 

^(standard) _ ^ ^ ^ ^ _^ ^ \^qLd + \queHd + \uuDE + \uudE + \uUDe, 

\ K K ) K A. A A A 

(3.19) 

whereas with the flipped embedding, we have the additional dangerous operators 

^^mpped) =(^ + qLd + + ^uuDe + ^IJude + juUDE . (3.20) 

In each case, only some of these operators exist in a given theory, depending on which type 
of vector-like leptons are present. 

These lists should be treated as representative only, since some operators on the list barely 
make the cut, such as j^^HE, and others barely miss it, such as j^UUde. Nonetheless, we will 
find that it is possible to forbid all of these operators (and many more besides) by choosing 
an appropriate discrete symmetry. 

3.4 Lepton number violation mediated by heavy flavors 

We now turn to the question of lepton number violation mediated by the heavy flavors, 
arising from LNV operators involving U,D,E,N or U,D,L,n (depending on the theory). 



We have already considered a BNV operator of this type in (3.4), and we take the same 
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approach in what follows, integrating out the heavy fields using the replacement (3.3), its 
analogue for D, and the replacements 



E 



N 




An Vl 



{3.21] 



or 



n — 7- 




(3.22) 



depending on which type of vector-like leptons are present, where irti, is the left-handed 
neutrino Majorana mass matrix generated by the effective operator \[CHu)my[CHu) ■ 

Thus, to find dangerous operators, in principle all we need do is to list all LNV dimen- 
sion four and five operators in the high energy theory that we have not considered yet (those 
involving f/, E., L, N or n), making the above replacements and then considering the con- 
sequences of the resulting effective operator for the low energy theory. This list contains a 
much wider variety of effective operators than those considered above, and it is very lengthy 
to derive explicit bounds for every possible operator. Instead, we develop a heuristic scheme 
to estimate which operators are likely dangerous. 

Except in a few special cases where the high-energy operator is super-renormalizable after 
inserting the flavor Higgs vevs, the strongest bounds will come from inserting the electroweak 
Higgs vevs into the replacements (3.3 3.21 3.22), as this results in a lower-dimensional 
effective operator. Upon doing so for U, D,E ot L insertions, we obtain one of the light 
lepton or quark superflelds suppressed by a factor of the mass of the corresponding fermion 
divided by fid, f^e or /i£ respectively, with a possible additional suppression for the third 

generation coming from the \/ 1 — factor. In what follows, we assume that 

l6 



> 



1 TeV 



for X = u,d, i, e, consistent with ($) ~ lO'' TeV and the known Yukawa hierarchies. 

For U and D there is an additional BNV term which can directly induce proton decay 
when inserted into a baryon-number conserving LNV operator. The resulting operator will 
be dimension flve or higher, requiring a gaugino exchange loop to induce proton decay. This 
can be compared to the similar tree-level diagram involving squark exchange between the udd 
MFV SUSY superpotential operator and the baryon-number conserving LNV operator. In 
place of the niq/ fiu,d suppression from integrating out U or D, the loop diagram has a igj?^"'^*^ 
suppression, but otherwise a very similar structure. For rrisoit ~ 300 GeV the loop diagram 
only dominates in place of the exchange of a "light" (m, d, s) squark. Since such diagrams 
are typically suppressed for other reasons, the loop diagram is usually sub dominant. 

Now consider N insertions. If we assume rrii, ~ 0.1 eV then every such operator comes 
with a strong m^/vu ~ 6 x lO""*^^ suppression. However, since we assume ($) ~ 10^ TeV, we 
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require A^n < 10^ TeV which implies that A„ < 2x10^^. Taking this into account, we find 
an overall suppression factor of about 3 x 10^^*^ for each N insertion. A similar argument 
applies to n, except that the minimum suppression per n insertion is now only about 10~^ 
due to the factor of Y~^. 

We now proceed to classify all possible operators of dimension five or less based on the 
number of leptons and quarks they contain. We need not consider operators which violate 
lepton number by an even number, as this will not induce proton decay, so we can have 
either one or three leptons. Operators with three leptons cannot have any quarks due to 
the restriction on dimensionality, whereas operators with one lepton can have zero, two, or 
three quarks, where the latter also violate baryon number. In general operators in the high 
energy theory and the resulting effective operators in the low energy theory will have the 
same number of quarks and leptons, except that operators with two quarks and a lepton can 
also generate operators with three quarks and a lepton in the low energy theory through the 



insertion of the second term in (3.3). 



We begin by considering operators with three leptons. Following the discussion in §3.2 
we anticipate that a coupling of less than about 10~^^ (roughly the bound on A at our chosen 
reference point) is sufficient to suppress operators of this type to acceptable levels. Using 
this estimate, we find that none of the possible gauge invariant operators of this type (such 
as N^, NEE, etc.) are dangerous. 

Next, we consider operators with one lepton and no quarks. It is straightforward to check 
that the only dangerous operators of this type are the RH neutrino tadpoles 

Wif;j = + + + ^<l>$% (3.23) 

bad A A A2 A2 ^ ^ 

where as usual only some of these operators will appear in a given theory, depending on 
whether iV or n is present. These tadpoles, which induce bilinear lepton number violation in 
the low energy theory, are a special case where dimension-six operators, such as ^$^n can be 
(at least marginally) dangerous. Note that this operator differs from the analogous operator 
j2^^N, which is small enough by about a factor of 10 to avoid experimental constraints; the 
difference lies in the different right-handed neutrino Yukawa couplings implied by the two 
models. In any case, the dimension-six contribution to the tadpole may be made sufficiently 
small by lowering the fiavor scale to 5 x 10^ TeV (still in reasonable agreement with fiavor 
constraints), so it is in fact not very dangerous. 

Next, we consider operators with one lepton and two quarks. Based on the discussion in 
^3.2, we anticipate that a coupling of less than about 10~^° (roughly an order of magnitude 



smaller than the bound on A' at our chosen reference point, accounting for the possibility 
of the more strongly constrained p — )■ K~^u decay mode) is sufficient to suppress operators 
of this type to acceptable levels. The dangerous gauge-invariant operators will depend on 
whether we choose the standard or fiipped embedding. The following dangerous operators 
are common to the two cases: 

W^bad = j<^nUu + j^qUL + jWdE + ^mDE + ^mDe (3.24) 
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In the first case, we obtain the additional dangerous operators: 

^^standard) ^ ^ ^ ^ ^ Dt + ^^gwl (3.25) 

whereas in the fiipped case, we obtain the additional dangerous operators: 

W^^^^"'^^ = nUU + nDD+ (^1 + quL+ (^1 + UDe + j<!?UDE+j<^UDE (3.26) 

Finally, we consider operators with one lepton and three quarks, which are necessarily 
dimension five and require a loop to induce proton decay. Based on the discussion in §3.2[ 
we expect that a coupling of less than 10~^ for a Planck scale cutoff (roughly the bound 
on A for our chosen parameters) is just sufficient to suppress proton decay to an acceptable 
level. Using this estimate, we obtain the following dangerous operators for the standard 
embedding 

^^standard) ^ 1_^2^^ ^ ^^^^ ^ (3 37) 

and none in the fiipped embedding. 



4 A complete model using a discrete symmetry 

Having enumerated the operators that are most likely to lead to proton decay or AB 



processes (see (3.5), (3.18)-(3.20), (3.23)-(3.27)) we now search for a discrete symmetry 



which forbids these operators. In addition to these dangerous LNV and BNV corrections, 
we also aim to prevent the problematic cross-couplings between the electroweak and fiavor 
Higgs sectors: 

Wi':r^ = l-i^^S + cj>H^H, + (t>S^ + + ^^S + ^$3^ + , (4.1) 

which can lead to large dimensionful couplings in the Higgs potential and hence fine tunings. 
We can also solve the usual n problem by forbidding the super-renormalizable operators 

W^baT^ = f^^S + liH^H, + . (4.2) 

On the other hand, the discrete symmetry will also constrain the fiavor Higgs poten- 
tial, potentially leading to accidental symmetries in the fiavor Higgs sector. Such accidental 
symmetries will induce dangerous Goldstone modes which could mediate FCNCs. Remark- 
ably, we will show that it is possible to choose a discrete symmetry which satisfies all of 
these constraints while allowing for a semi-realistic fiavor Higgs potential without accidental 
symmetries. 

As this discrete symmetry is meant to constrain Planck suppressed as well as renormal- 
izable couplings, it must be anomaly-free and gauged]^ The discrete symmetry could be 

^Discrete gauge symmetries sometimes appear as remnants of a spontaneously broken continuous gauge 
symmetry, but they are well defined and distinct from discrete global symmetries even in the absence of such 
a mechanism. 
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an ordinary symmetry or an R-symmetry. In the case of a discrete R-symmetry the super- 
space coordinate obtains a non-trivial phase rjg under the discrete transformation, implying 
that gauginos are rotated by rjg as well whereas the superpotential must pick up a phase 
Vw = Ve- Appendix |A] we show that the anomaly cancellation conditions for the discrete 
symmetry together with the requirement that the operators in (4.1) are forbidden requires 



a discrete R-symmetry. Focusing on the case with E, E leptons and the regular embedding, 
we further argue that the smallest order choice for a discrete symmetry group forbidding 
all problematic operators while allowing for a semirealistic flavor Higgs potential is a Zn 
discrete R-symmetry, where we assume that the flavor Higgs sector is completely vector-like. 
We now present an example of a complete model with a discrete Zn R-symmetry. We 



choose r]g 



11 



e 27ri/ii -v^rithout loss of generality, and thus r]w 
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We then introduce 



the "matter" fields: 
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and the flavor Higgs fields 
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where Zk[riw] denotes a Zk discrete symmetry under which the superpotential picks up a 
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phase r]w _ 

As shown in appendix [A] this model is anomaly free,^ The most general renormalizable 
flavor Higgs superpotential allowed by the Zn R-symmetry is: 

W^Higgs = Mu<!>u^u + Md<l>d^d + Me$e$e + Ai0„$d$„ + mi0„0e + "^20d + ^206 0^ 

+ A„de$«$d$e + Aeee$e + ^udd^u^l + Xdee^d^l (4.3) 

where now stands for either or $„ (which carry the same charges). One can check 
that this potential breaks all U(l) global symmetries, and hence does not obviously lead to 
Goldstone modes. Although we may in general require more than one "flavor" of each type 
of $ field to allow a suitably rich potential which can reproduce the flavor structure of the 
SM, the potential is likely sufficiently generic to also break any resulting nonabelian flavor 
symmetry, avoiding Goldstones. However, we will not study the flavor Higgs sector in detail, 
deferring this to a future work. 

One can show that there are no further renormalizable superpotential couplings allowed 



by the Zn R-symmetry beyond those in (2.13), (4.3). Performing a systematic search we 



find the following dimension-five lepton-number violating operators: 

W^lSv = j^dNDd+ j<PdNDD + j<PdUDE + ^SNUU + jSN^ (4.4) 

One can check that these operators are more than sufficiently suppressed by a Planck scale 
cutoff and an order one coupling to avoid excessive proton decay for our chosen reference 
parameters of tan/3 = 10, msoft = 300 GeV, w" = 1, (<l>) ~ 10*^ TeV and {(f)) < 10^ TeV. 
Dimension six operators can also be significant if they contain at least three flavor Higgs 
fields. The most significant of these operators are 

W^LNV = Y^^^^^l + + • • • (4-5) 

where the omitted terms generate subleading contributions to the N tadpole. One can show 
that these operators are also sufficiently suppressed for ($) ~ 10^ TeV. 

Planck suppressed operators can also contribute to the electroweak Higgs potential. In 
particular, we find the dimension-five contributions to the 5* tadpole: 

^EW = jS<l)d<l>d^e + ^50d$e$« (4.6) 

However, one can check that these generate a tadpole of only about (300 GeV)^ for ($) ~ 
10^ TeV and (0^) ~ 10'^ TeV and thus will not cause a fine tuning of the electroweak scale, 
and can in fact facilitate electroweak symmetry breaking even in the absence of the SUSY 
breaking terms. 



^In specifying a discrete R-symmetry, it is unnecessary to specify r/g if rjw — Ve given, since the two 
possible sign choices in taking the square root are related by (—1)^. 

^°There is a naive (grav)^Zii anomaly which can be cancelled by adding a second copy of the S field, but 
any hidden (e.g. SUSY-breaking) sector will contribute to this anomaly, as will the gravitino, so there is no 
clear constraint on the number of NMSSM singlets. 
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5 SUSY breaking and particle spectrum beyond the 
MSSM 



In this section, we discuss supersymmetry breaking and its consequences for the low energy 
spectrum, as well as the possible effects of a light right-handed vector-like generation of 
quarks, such as can occur in our model. 

We consider a supersymmetry breaking spurion X, a chiral superfield with an F-term 
vev {X) F F, which couples to our model via higher-dimensional operators suppressed by 
a messenger scale M, such that mgoft ~ F/M. In particular, we focus on the case of gravity 
mediation, where M is the Planck scale and X may be thought of as a hidden-sector field 
which couples to the SM sector via Planck-suppressed operators. We will show that, contrary 
to the usual situation where gravity mediation induces a flavor problem, the gauged flavor 
symmetry together with the Zn gauged R-symmetry will protect against FCNCs, giving an 
MFV structure at leading order with corrections suppressed by (<I>)/M ~ 10~^°. Indeed, 
in this context gravity mediation is actually preferred, as lowering the messenger scale will 
eventually lead to sublcading non-MFV corrections as the messenger scale approaches the 
flavor scale. 

The soft SUSY-breaking squark masses for the right-handed up-type squarks are gener- 
ated by the effective Kahler potential: 



where both terms are SU(3) f universal due to the gauging of the flavor symmetry. Integrating 
out the heavy flelds, we obtain the soft masses 



and likewise for the right-handed down-type squarks. Thus, the soft terms are MFV to 
leading order, though they are already non-universal in the high scale theory, even before 
accounting for the running between the flavor scale and the electroweak scale. Non-MFV 
corrections will arise from higher-dimensional operators involving the flavor Higgs flelds, and 
will therefore be strongly suppressed for a Planck-scale cutoff. 

At first glance, the left-handed squark mass matrix appears to be universal at the flavor 
scale, arising from the effective Kahler potential 



However, there are potentially important corrections upon integrating out the heavy vector- 
like generations coming from the effective Kahler potential 






(5.2) 




(5.3) 




(5.4) 
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Upon integrating out the heavy fields we obtain the squark masses 



+ hml,,-\^d:X,YUl-—YaYndl, (5.5) 

SO there are tree-level non-universal MFV contributions to the squared mass matrix sup- 
pressed by {v/f^Y, in addition to the usual RG corrections. 

The soft breaking A-terms will be holomorphic MFV to leading order. For example the 
effect of the U DD operator is 

ci / d^e^UDD ^ ci'^{YuU){yJ){yJ). (5.6) 

J ^U'^d 

Similarly, the A-terms corresponding to the ordinary Yukawa couplings are 

C2 j d^e^qUH^ ^ C2^(g^jy„^, (5.7) 

where Hu denotes the scalar component of H^. Certain non- holomorphic combinations of 
spurious can also appear in the A-terms: 



+ camsoft- 



1 - jIt^YX) Yu^ 



Y,,d 



{5.t 



and likewise for the (pDd A-term. Note that ~ 1, so these are non-holomorphic 

MFV corrections with order one coefficients, but they take a very particular form which was 
anticipated already in [s] and which is not in any way problematic. 

However, there are additional sources of A-terms — some of which may be dangerous — 
from SUSY breaking terms of the form 

C4 J dH^Um. (5.9) 

Upon integrating out the heavy fields as usual we find 



i^soft 3 cJ^{qK)J 1 - ^y,($)F„^ + c,w"{. . .) . (5.10) 



If oc Aiu then we get an additional MFV contribution of the same form as (5.8). How- 
ever, in the model based on the gauged Zn R-symmetry both and carry the same 
charges. This would not be problematic if the same linear combination of these fields were to 
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appear in both the superpotential and the soft-terms, but there is no a priori reason for this 
to occur unless enforced by some symmetry principle. Conversely, if both combinations are 
allowed in the A-terms, then that A-term would contain a additional structure proportional 
to YuMj^iYu which deviates from the MFV form by an essentially arbitrary 3x3 symmet- 
ric matrix, contributing to off-diagonal holomorphic non-MFV squark masses (though still 
Yukawa suppressed). In order to forbid such contributions, one can for example introduce an 
additional Z2 discrete gauge symmetry, under which ^u,d, ^u,d and U, D are odd, and every 
other field is even. This Z12 is also anomaly free, and forbids the mixing of the and 



fields, but will also restrict the form of the general Higgs potential of (4.3). To avoid this 
problem, one can for instance introduce two copies of each $ and Higgs field variant labeled 
such that the + and — Higgs fields are respectively even and odd under the Z2. Thus, 

= <l>^ will generate the up-sector Yukawa couplings, whereas = generate the 

neutrino masses, and no mixing between the two is permitted by the Z2. (This extension of 
the Higgs sector allows a richer Higgs potential, which may in any case be needed to obtain 
the desired flavor structure.) Another possible solution is to choose the flipped embedding of 
SU(3)i? C SU(3)q X SU(3)l, so that the quark flavor structure is generated by <l's whereas 
that of the leptons is generated by $'s. 

Finally, we address the question of whether any of the additional particles in our model 
(beyond the NMSSM) could be within reach of the LHC and what their signals could be. As 



discussed in section 2^, the constraints from FCNC's will force the flavor gauge bosons to be 
at 10^ — 10^ TeV, well outside the LHC's range. Similarly, most of the heavy vectorlike quarks 
f/, t/, D will be too heavy for LHC energies, since their masses are determined by the same 
flavor Higgs VEVs ^u,d that contribute to the flavor gauge boson masses. However, in order 
for the top quark to have an 0{1) Yukawa coupling, the corresonding [/, U should have one 
eigenvalue A^u which shold be comparable or smaller than the corresponding mixing term 
/i^j, which cannot itself exceed about 10 TeV in order to generate the large up/top hierarchy 
if the flavor scale is 10^ TeV. These parameters are not strongly constrained by FCNC's, 
and could lie within the LHC energies. To study the phenomenology of the third generation 
up-type quarks we focus on their interactions, neglecting the other generations: 

C D ^^ut]itl + Mut\tl + Kq^^h^RHu , (5.11) 

where we introduced the notation used in the little Higgs literature for top partners v!-^^ = 
tij,f/(3) = = ^ {tl,bL) and Mu = M^u^. The mass of the heavy vector 

partners is given by 

rriT = Vf^l + Ml , (5.12) 
with the mixing among the right handed quarks is given by the angle 

sin a = — , ^" = . (5.13) 
Vl^l + Ml 

The top quark mass is given by 

rrit = XuCosa^z . (5.14) 
v2 
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A mixing among the left handed top quarks is induced after EWSB and is given by the 
mixing angle 

sm7 = — — -— = tana . (5.15) 

fil + Ml rriT 

The mixing pattern is the same as for the heavy top partners in little Higgs models, and 
this will largely detrmine the phenomenology of these models. The main difference is that 
in our case the cancellation of the quadratic divergences is achieved via SUSY, rather than 
through the non-linearly realized SU(3) symmetry of the little Higgs models. However, this 
does not affect the phenomenology of the top partners. The couplings of the top partners to 
gauge bosons is discussed in detail in Appendix A of 23 . Electroweak precision correction 



bounds from loops of the heavy vectorlike top partners is around 450 GeV as long as the 
mixing angle a is not too small 23 . The direct production bounds from the 2011 dataset 
of 5 fb~^ is somewhat weaker, of order 350 GeV, while a more recent analysis puts a more 

Thus we conclude 
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stringent direct bound of 480 GeV on the mass of the top partners 
that the third generation U, U states can be below 1 TeV and within the range of the 14 TeV 
LHC, but this need not be the case: they can be as heavy as 10 TeV for A^i^^ ~ 10^ TeV. 



6 Conclusions 

We have presented a complete model which violates baryon number and R-parity in a con- 
trolled fashion, leading to prompt LSP decay and low energy energy signatures which evade 
the stringent LHC bounds on R-parity conserving supersymmetry broken at the electroweak 
scale. At the same time, our model solves the fi problem as well as the flavor problem of 
gravity mediated supersymmetry breaking, provides a potential explanation for the origin of 
flavor in the standard model, and is safe from Planck suppressed corrections. 

We accomplish this by gauging an SU(3)i? flavor symmetry at high energies and spon- 
taneously breaking it. After integrating out the massive fields (vector-like right handed 
generations) the universal Yukawa couplings and UDD BNV coupling are simultaneously 
reduced to the low-energy hierarchical Yukawa couplings and a udd R-parity violating BNV 
coupling of the MFV SUSY form. We introduce a gauged discrete R-symmetry to forbid 
other sources of baryon number violation as well as excessive lepton number violation. This 
discrete symmetry also allows us to solve the fi problem by introducing NMSSM singlet (s) S 
and forbidding the super-renormalizable terms in the Higgs potential via the discrete sym- 
metry. We exhibit an example of a Zn discrete R-symmetry which accomplishes all of these 
goals while allowing a suitably rich potential for the flavor Higgs sector and protecting the 
model from dangerous Planck-suppressed corrections. 

The gauged SU(3)i? symmetry ensures that soft SUSY breaking terms are MFV to lead- 
ing order, but with a non-universal structure which allows for flexibility in the low-energy 
superpartner spectrum. As FCNC constraints require a flavor scale of at about 10^ TeV or 

^"'^The superpartners of the top partners would just behave hke heavy stops: their pair production cross 
section is very small, and they would then decay to the LSP and finally through the RPV term to jets. 
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higher, the flavor gauge bosons will be out of reach of the LHC However, the third genera- 
tion of right-handed vector-like up-type quarks must be much lighter than the flavor scale to 
generate the large up/top mass hierarchy, and could lie below 1 TeV. In this case it would 
have collider properties similar to the top partners in little Higgs models. 

Since we have gauged only a single SU(3)i? for both quarks and leptons, this type of 
model may be embeddable in an SU(5)-type GUT. We explore this possibilitiy in a future 
work 
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Appendix 



A Choosing the discrete symmetry 

In this appendix, we search for an anomaly-free discrete symmetry which allows all of the 



operators, (3.5), (3.18)-(3.20), (3.23H3.27), (4.1), and (4.2). 



necessary terms in the superpotential (2.13) or (2.14) while forbidding all of the problematic 



In particular, for simplicity we focus on the model with E, E leptons and the standard 
embedding of SU(3)i;' within SU(3)q x SU(3)l. Requiring that the superpotential (2.13) 



transforms as — )■ rji^W, we find that an arbitrary discrete symmetry of the theory takes 
the form: 
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in the "matter" sector after mixing with an arbitrary subgroup of U(l)y and the Z3 center of 
SU(3)c where Zk[r]w] denotes a discrete R-symmetry under which W — )■ rjwW (i.e. 9 — )■ rjgO 
where r]w = Ve)- then read off the action of the discrete symmetry on the flavor 

Higgs sector: 



SU(3)j 



^klvl] 



m 
m 
m 
m 
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1 

1 



VsVu' 
VsVd\ 
vIVe^Vr^ 

vIve _ 
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vlvD^vt 

VsVe^Vs^ 



Henceforward we make the simphfying assumption that the flavor Higgs sector is com- 
pletely vector-like, i.e. that there exist fields ^d, etc. such that the mass terms W^ass = 
Mu^u^u + + ■ ■ ■ can appear in the superpotential. This implies that the flavor Higgs 

sector makes no net contribution to the anomalies. 

Discrete gauge symmetries are far less constrained than continuous gauge symmetries, 



since they lack cubic anomalies 27 . In fact, the only anomalies which must be cancelled for 
a discrete gauge symmetry are the G^Z^ and (grav)^Zfc anomalies for all non-abelian gauge 
group factors G (precisely those anomalies which relate to gauge and gravitational instan- 
tons.) The cancelations of the SU(3)^Zfc and SU(2)|Zfc anomalies impose the constraints 

(A.l) 



vlvhffvl 



„15 

Vs ' 



4 



vl 



Assuming that the flavor Higgs sector is vector-like, the SU(3)pZfc anomaly together with 
the previous conditions requires 

VeVE = vl ■ (A.2) 
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Finally, cancellation of the (grav)^Zfc anomaly together with the previous conditions naively 



requires 



= 1 , (A.3) 

where we now allow for an arbitrary number Ns of NMSSM singlets S and ignore any 
contribution from other hidden sectors of the theory. Such hidden sectors are inevitably 
present, however, as a truly complete theory will require a SUSY breaking sector, likely 
with R-charged gauginos, as well as a supergravity completion with an R-charged gravitino. 
Thus, while we can solve (A.3) by setting A^^ = 2, the true anomaly constraint will depend 
on details of the hidden sector, and hence there is no clear constraint on A^^. It should be 
noted, however, that regardless of these details the true (grav)^Zjt anomaly can usually be 
cancelled by an appropriate choice of Ns- 



The anomaly constraints ( A.l ) and (A. 2 ) have no analogous caveats, and must be satisfied 



if no additional SM charged or flavored fields are added to the model. A general solution to 
these constraints can be parametrized by 



Ve 



a 



Vs 
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Ve 



for phase factors a, (3 and an integer p, where rjw 



Vs 
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Thus, 



V^e 



a 



and 



a 
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as a consequence of canceling the SU(3)|. anomaly. We wish to forbid the problematic 



cross couplings between the flavor and electroweak Higgs sectors (4.1), (4.2), which can lead 
to fine tuning of the electroweak scale. In particular, to forbid (p'^S for G {(pe, 4>e} we must 
require 

V 1 , a'V 1 • (A.5) 

Thus rjw = tt^ 7^ 1, and we require an R-symmetry. 

One can check that these conditions imply that the couplings (4.2) are also forbidden, 
as are the remaining cross couplings in (4.1) involving only (p^ and 0e- Suppose that (p is 
another flavor Higgs singlet in the theory with charge t]^ and conjugate field (p. To forbid 
the cross couplings (4.1) between (p, (p, (pe, (pe and the electroweak Higgs sector (in particular 



'jS",) we must require: 



, a 



}• 



(A.6) 



There are analogous constraints on the charge of a flavor Higgs tensor $ with conjugate 
field $ in order to forbid the cross couplings (4.1) as well as the N tadpole (3.23). Using 

V^n 



a 



and ri^^ 



a 



we obtain the constraints 



?7$ ^ {a 



-4 



a 



-1 



4'- 



a 



11 



}• 



(A.7) 



These constraints limit the allowed charges of the flavor Higgs fields and hence the form 
of the Higgs potential. We impose minimum consistency requirements on the flavor Higgs 
potential: it must contain at least one $^ and at least one operator (or else the F-term 
conditions set the fields to zero) and it must not have any accidental continuous symmetries. 
Given these requirements, we now search for the smallest possible discrete R-symmetry which 
allows an acceptable Higgs potential. 
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The lowest-order R-symmetries that do not contradict (A. 5) are = 5, 7, 10, 11, 13, . . ., 
where Zio = Z5 x Z2. For k = 5 and k = 7 one can check that the constraint (A. 7) is so 
restrictive that 77$ = r]^^ necessarily, whereas $^ and $^ are forbidden by (A. 5). For 
k = 10, we can choose either a = Uiq or a = ^5. In the former instance, we find that 
{?7$} C {1,^5, —1}, where {?7$} is a strict subset since the presence of all three variants will 
generate the iV$$^ tadpole. Since = —1, either C {1, —1} or C —1}, but 
in either case neither $^ nor is permitted. For a = Ws, we find 17$ C {1, cufp, —1, uJiq, ^10}^ 
but to avoid all iV$$^ tadpoles as well as cross-couplings, we can have at most one 

additional variant of $ beyond 77$^ = 1, whereas no such pairing allows both and <l>^ 
interactions. 

The next lowest order possibility is k = 11, which we will show to be sufficient. We 
choose a = uu so that r]w = ^n- The above constraints dictate: 

{?7$} C {ujn,uf^,u^^,ul^,u^^} . (A.8) 



However, one can show that to forbid all of the cross couplings (4.1) and the iV$$^ tadpole 
we must have {t]<s>} C {u}ii,ujfi,ujli}, {?7$} C {ujfi,uli} or {77$} C {uii,ujIi}. No $^ or 
interactions are possible in the latter two cases, so we consider the first case. The possible 
cubic interactions are: 



$^ : uu ■ ■ Wii , ■ " ^11 , 



(A.9) 



Since ?7$„ = uf^, all three $ variants must be present to generate both ¥ and ¥. 
We also have 

{r^^J C {l,u;^i,u;5„a;-',^n }• (A.IO) 

Since t]^^ = uf^ and r/^^ = uf-^ these variants are always present, and one can show that the 
Higgs potential has an accidental U{1)r symmetry unless cuii E {V(pi} y^eW. The {l,uJii} 
variants are not necessary, but neither are they problematic. We will assume that they are 
absent for simplicity. Assuming {?7$} = {uii,uf^,uf^} and {ri(j,^} = {ujfi,ul-^^,Ui^}, one can 
show that the flavor Iliggs potential is free of accidental U(l) symmetries, and that all of 



the cross couplings (4.1) and all A^$$^ tadpoles are forbidden, as is 



Because we have assumed a Zn discrete symmetry, we must set p = in (A.4). Thus, 
VcpuVcPd = '^^ so /3 = r]^^ G {ujf-^^,LOi^}. We must also require tje G {w^^, wf^, w^J. 
So far our discussion applies to both the standard and flipped embeddings of SU(3)ir C 
SU(3)q X SU(3)l. We now specialize to the standard embedding, which implies that rju, rjo € 
{ijjii,ujfi,ufi}. For the case (3 = uf-^^, we must have rju 7^ (jjfi and rjo 7^ wii to forbid uuDE 
and respectively. To forbid ^uDE we require rfuri'^ E {coii,uJii, 1} whereas to forbid 
^UdE and ^uDe we require rjurjETj'^ E {uj\i, . . . ,uj\i,l}. Since rjE E {uli, uof]^, u}\]} this 
implies that rjurj'^ E {uj'^-^ , u]^^} and rjE 7^ Therefore rju = con, but to forbid q^UE 
we require rjurjE 7^ Wn, so rjE = and thus rjurj]^ = u^i so that ud = oju- This is the 
solution presented in section |4} 

We also consider the case /3 = cOii, so that r/D 7^ to forbid (pqid, whereas rjurj'^ E 
{ujIi, ujfi} to forbid ^uDE so that rj^ = cuii- To forbid ^UdE and ^uDe we now require 
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VuVe £ {^11)^11) ■ ■ ■ However, the only possible solution is rjurjE — <^ii, i-e. rju — ouf-^ 

and rjE = cjn- 

We will not discuss this second model in detail, nor attempt to classify Zn models with 
a flipped embedding. Note than we have not considered discrete gauge symmetries that 
are irreducible products, e.g. Z5 x Z5. It would be interesting to determine if a "simpler" 
discrete gauge symmetry with the right properties can be found in this way. 
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